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Single crystals of the perovskite-type 3d1 metallic alloy system Ca1−xSrxVO3 were synthesized in
order to investigate metallic properties near the Mott transition. The substitution of a Ca2+ ion for
a Sr2+ ion reduces the band width W due to a buckling of the V-O-V bond angle from ∼ 180◦ for
SrVO3 to ∼ 160◦ for CaVO3. Thus, the value of W can be systematically controlled without changing
the number of electrons making Ca1−xSrxVO3: one of the most ideal systems for studying band-width
effects. The Sommerfeld-Wilson’s ratio (≃ 2), the Kadowaki-Woods ratio (in the same region as heavy
Fermion systems), and a large T 2 term in the electric resistivity, even at 300K, substantiate a large
electron correlation in this system, though the effective mass, obtained by thermodynamic and magnetic
measurements, shows only a systematic but moderate increase in going from SrVO3 to CaVO3, in contrast
to the critical enhancement expected from the Brinkmann-Rice picture. It is proposed that the metallic
properties observed in this system near the Mott transition can be explained by considering the effect of
a non-local electron correlation.
PACS number(s): 71.28.+d, 71.30.+h, 71.20.Be
I. INTRODUCTION
Despite extensive investigations on 3d transition-metal
(TM) oxides,1 there remain many more mysteries still to
unravel. The discoveries of metal-to-insulator transitions
(MIT) in 3d TM oxides with a partially filled 3d band,
for example, has given us great incentive to re-examine
several previous studies of the electronic states in these
TM oxides.
The most important feature of this kind of 3d TM ox-
ides is that simple one-electron band theory is no longer
sufficient to give a good account of the electronic states,
since the electron correlations are much larger than ex-
pected for the one-electron band-width.2 Mott first intro-
duced the concept of MIT caused by a strong Coulomb
repulsion of electrons.3 Although the description of the
MIT (Mott transition) is still argued from various points
of view,4 a more challenging problem lies in the metal-
lic phase near the Mott transition, where a narrow-band
system is known to show anomalous metallic properties,
and substantial enhancement of the fluctuations of spin,
charge and orbital correlations is observed. This problem
has been investigated with renewed vigor since the dis-
covery of high-Tc cuprate superconductors and although
a number of enlightening works have been done so far,
still we cannot grasp a comprehensive view of the whole
physics.
As one of the open questions, in this paper, we focus
on the problem of the effective mass in the perovskite-
type 3d1 correlated metal Ca1−xSrxVO3. An important
manifestation of the mass enhancement in the perovskite-
type light-3d TM oxides has been given by Tokura et
al.5 They reported filling-dependent electronic proper-
ties in the Sr1−xLaxTiO3 system near the MI transition
around x = 1. The LaTiO3 (x = 1) material behaves
as an insulator below 300K and antiferromagnetic order-
ing of Ti S = 1/2 spins occurs at TN = 120 ∼ 150K.6
They also reported that Fermi-liquid-like behavior was
observed even in the immediate vicinity of the MI phase
1
boundary, with a critical increase of m∗ arising from the
effect of the enhanced electron correlations. Within the
framework of Fermi-liquid theory, the only way to ap-
proach MIT continuously is to realize the divergence of
the single-quasi-particle massm∗ at the MIT point.7 The
critical behaviors observed in the Sr1−xLaxTiO3 system
are fairly systematic, thus provoking intense theoretical
study; however there is still room for arguments, espe-
cially in the following points:
1. Tokura et al. compared the effective mass m∗ to the
free electron mass mo. However, the x-dependence
of the “band-mass” mb should also be taken into
account. Compared with the value of mb for the
similar system CaVO3, the mass enhancement of the
Sr1−xLaxTiO3 system is not so large, except for the
region x > 0.95.
2. The critical increase of the value of m∗ in the
Sr1−xLaxTiO3 system is only seen in the region very
close to MI transition boundary.8 However, in this
region, it is not obvious whether Fermi-liquid the-
ory is still valid. In fact, in the region of significant
mass-enhancement (x > 0.95), the number of carri-
ers seems to be depleted.8
3. Another filling-dependent MI transition is observed
in the Y1−xCaxTiO3 system.
9,10 However MIT oc-
curs around x = 0.4 which is relatively far from
integral filling. Nevertheless, the effective mass
shows a conspicuous enhancement in the vicinity
of MIT similar to that seen in the Sr1−xLaxTiO3
system. Thus, it seems reasonable to suppose that
this kind of mass-enhancement, observed in those
“filling-control” systems close to MIT, might be in-
duced by fluctuations or inhomogeneity of the insu-
lating phase near the boundary of MIT.
The above problems can be due to the fact that the crit-
ical behaviors depend on a path along which a system
approaches the boundary of MIT. In the Sr1−xLaxTiO3
system, the band-filling is dominantly controlled instead
of the band-width.
The question then arises; how does the effective mass in
the metallic state actually change as we change solely the
electron correlation without changing the band-filling? In
order to elucidate this issue, another type of systematic
experiment is required; i.e., we need to control only the
3d band width W in a particular system while keeping
the number of carriers fixed.
Representative examples are the pressure-induced MIT
reported in V2O3,
11 where hydrostatic pressure modifies
W . However, for a quantitative discussion, we need to
know the change of the lattice constants under pressure.
Moreover, in general, the anisotropic compressibility due
to the anisotropy of the lattice structure affects W in a
complex manner. Other examples are found in nickel-
based compounds: the perovskite-type RNiO3 with R of
the trivalent rare-earth ions (La to Lu),12 and the pyrite-
type chalcogenide system NiS2−xSex.
13 The insulating
state of these nickel compounds is classified as a charge-
transfer insulator rather than a Mott-Hubbard insula-
tor in the so-called Zaanen-Sawatzky-Allen classification
scheme of TM compounds.14,15 Therefore, MIT occurs
as a closing of the charge-transfer gap with increase of
the p-d hybridization. Thus, it is inevitable that MIT is
not described by the simple model of the Mott transition
and the metallic state is more complicated.
Based on these considerations, we have synthesized a
solid solution of the perovskite-type metallic vanadates,
CaVO3 and SrVO3, in order to investigate the metallic
state near the Mott transition more simply with a system-
atic band-width control. We have succeeded in obtaining
single crystals of the homogeneous metallic alloy system
Ca1−xSrxVO3 with nominally one 3d electron per vana-
dium ion. In the Ca1−xSrxVO3 system, as we isovalently
substitute a Ca2+ ion for a Sr2+ ion, a lattice distortion
occurs. This is governed by the so-called tolerance factor
f of the perovskite-type compounds ABO3 defined as
f =
RA +RO√
2 (RB +RO)
,
whereRA, RO, and RB are the ionic radii of the A ion, the
O ion (oxygen), and the B ion, respectively. When the
value of f is almost 1, the system is cubic; while for f < 1,
the lattice structure changes to rhombohedral and then
to the orthorhombic GdFeO3 type. In the GdFeO3 struc-
ture, it is known that the B-O-B bond angle decreases
continuously with decreasing f almost irrespective of the
set of A and B.16 According to the literature,17 the ionic
radii of Ca2+, Sr2+, V4+, and O2− ions are 1.34, 1.44,
0.58, and 1.40 A˚, respectively. Thus we obtain a value
of f of 1.014 for SrVO3, and 0.979 for CaVO3, corre-
sponding to a V-O-V bond angle of ∼ 180◦ for SrVO3
and ∼160◦ for CaVO3. The buckling of the V-O-V bond
angle reduces the one-electron 3d-band width W , since
the effective 3d-electron transfer interaction between the
neighboring V-sites is governed by the supertransfer pro-
cess via the O 2p state.
Thus, the ratio of the electron correlation U normal-
ized to W (U is considered to be kept almost constant
by the substitution) can be systematically controlled
in Ca1−xSrxVO3 without varying the nominal carrier
concentration. Furthermore, the V-O-V bond angle of
CaVO3 (∼ 160◦) is almost equal to insulating LaTiO3,
so it is reasonable to consider that CaVO3 is close to the
MIT boundary and thus is an ideal system for the investi-
gation of the metallic state near the Mott transition.18 In
fact, some spectroscopic manifestation of the strong elec-
tron correlation has been reported already,19–22 showing
that there is significant spectral weight redistribution in
the Ca1−xSrxVO3 system. Therefore, the effective mass
of this system, especially at the x = 0 end (CaVO3), is
expected to be enhanced as discussed for Sr1−xLaxTiO3
near the insulating composition LaTiO3.
Nevertheless, the Ca1−xSrxVO3 system does not show
such a significant enhancement of the effective mass. The
goal of this paper is to reveal intriguing behavior in the
evolution of the effective mass, as we control the U/W
2
ratio in this system. Details of the experiments, espe-
cially the method of preparing single crystals of this new
vanadate system, are described in Sec. II. We discuss the
cubic-orthorhombic lattice distortion in Sec. III A. The
results from magnetic susceptibility measurements and
the obtained effective mass m∗ are shown in Sec. III B,
and compared to m∗ deduced from the electronic specific
heat coefficient in Sec. III C. The Sommerfeld-Wilson’s
ratio is found to be almost equal to 2, that is strong
evidence of the large electron correlation. The electric
resistivity data are analyzed by a model incorporating
the electron-electron interaction (T 2 term) as well as the
electron-phonon interaction (Bloch-Gru¨neisen term) in
Sec. III D. It is noted that the Kadowaki-Woods ratio
lies in the same region as the heavy Fermion compounds.
Finally, we discuss the effect of non-local electron corre-
lations, i.e., the momentum-dependent self-energy, which
can be significant near the Mott transition, in order to
explain consistently both the strong electron-correlations
and the missing enhancement of the effective mass.
II. EXPERIMENTAL
A ‘ceramic method’ was employed in order to prepare
poly-crystalline samples. 4N CaCO3, SrCO3 and VO2
were used as starting reagents. We prepared CaO and
dried SrCO3 by pre-heating both the CaCO3 and SrCO3
compounds in air for 24 hours at 1000 ◦C, and weighed
the powders while they were still over 100 ◦C. We con-
firmed that the dried CaO and SrCO3, as well as VO2,
were all single phase by x-ray diffraction (XRD). The
starting compounds, CaO, SrCO3, and VO2 were then
mixed in the required molar ratio Ca : Sr : V = 1−x : x :
1 and then calcined several times at 1250 ◦C in flowing ar-
gon atmosphere (∼ 1000 cc/min) with intermittent grind-
ings. Because the reaction proceeds in the solid state, the
reaction rate depends on the diffusion rate of the con-
stituents through the product phases. As the reaction
proceeds, diffusion paths become longer, and hence the
reaction rate decreases. Therefore the intermittent me-
chanical grinding of the reaction product is important in
this method.
As the Sr concentration is increased, it is required
to add hydrogen-gas at a rate up to ∼ 50 cc/min. The
amount of hydrogen-gas flow for each calcination process
must be controlled in order to avoid too much reduction
and peroxidization. The amount of the oxidation was
conveniently checked by examining the XRD spectrum,
i.e. the lattice constants, of the reaction product every
time after the intermittent grinding. This process was
repeated until completion of the reaction.
Finally, the powder was put into rubber tubes and each
tube was pressed under hydrostatic pressure of 1000 atm
to form a cylindrical rod of ∼ 6mm diameter and ∼ 10 cm
length. The rods were sintered at 1300 ◦C in the same
atmosphere described above.
Single crystals of Ca1−xSrxVO3 were grown by the
floating zone (FZ) method in an infrared-radiation fur-
nace (Type SC-N35HD, Nichiden Machinery Ltd.) with
two 1.5kW halogen lamps as radiation sources. At first,
the sintered rod is cut into two parts: one is ∼ 2 cm long
for the “seed” rod, which is held at the top of the lower-
shaft, and the rest of the sintered rod, called the “feed”
rod, is suspended at the bottom of the upper-shaft. Each
rod is rotated at ∼ 20 rpm in opposite directions. The
lamp power is raised gradually until both the rods are
melted, then the molten zone is attached to the top of
the seed. The molten zone is passed through the whole
feed rod at a rate of ∼ 1 cm/hour in flowing argon atmo-
sphere without any interruption or change of lamp power.
The most important point here is to control the reduc-
tion atmosphere delicately, depending on the amount of
the Sr content x, and also on the oxygen stoichiometry
of the feed rod. As we increase the value of x, it is nec-
essary to add <0.1% hydrogen to the flowing argon. As
soon as this small amount of hydrogen is added, how-
ever, the melting temperature rises drastically, and the
molten zone shrinks unless we increase the lamp power
once more. On the other hand, if the amount of hydro-
gen gas is not sufficient, the liquid phase in the molten
zone loses viscosity and spills by degrees along the rod.
Furthermore, a different phase, which might be a peroxi-
dized phase, appears in the molten zone and precipitates
on the surface of the zone to form an “antler”. Thus,
a delicate feed-back control of the amount of hydrogen
gas and the power of the halogen lamp is necessary to
obtain a single crystal with sufficient quality. Typical
dimensions of a single-crystalline grain in the resultant
rods are ∼ 2× 1× 1mm3.
Each crystal was examined by powder XRD and by
Laue photography to check for homogeneity. Results are
summarized in the next section.
The oxygen off-stoichiometry in Ca1−xSrxVO3 was de-
termined using a Perkin-Elmer TGA-7 thermogravimet-
ric (TG) analyzer from the weight gain on heating the
sample to around 1300K in flowing air and assuming
that the final oxidation state of a vanadium ion was
+5. Neither weight gain due to peroxidation, nor weight
loss due to desorption of the oxygen was observed, once
the highest-oxidized material (Ca1−xSrx)2V2O7 was ob-
tained.
As-prepared samples contain a certain amount of oxy-
gen defects. The result of the TG measurements indi-
cated that, with increasing temperature, the samples are
abruptly oxidized at around 420K.23 Moreover, after
this oxidation, the oxygen concentration of the samples
becomes stoichiometric and no further oxidation occurs
until the temperature reaches around 700K. Therefore,
we were able to prepare samples without any oxygen off-
stoichiometry by annealing the samples in air at ∼200 ◦C
for around 24hours.
The stoichiometry of the ratio Ca : Sr : V = 1−x : x : 1
was confirmed by an inductively coupled plasma atomic
emission spectrometer (SEICO, SPS7000). The amount
of off-stoichiometry in the single-crystalline samples was
within the error bar, i.e., less than 1%.
In order to perform the dc-electric resistivity measure-
ment, the single crystalline samples were cut and shaped
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into rectangular parallelepipeds without particular at-
tention to the alignment of the crystal axes. A typi-
cal example of the dimension of the parallelepiped was
2 × 0.5 × 0.3mm3. We also prepared samples with two
different alignments: for one set of samples, the longest-
edge, along which the measuring current flows, is parallel
to the [100]-axis of the pseudocubic perovskite, and for
the other set, the current flows along the [110]-axis. Some
of these samples showed clear dependence on the align-
ment. However, this was not due to any features in the
electronic structure as discussed in the following section.
All the electric resistivity measurements were done with
a standard dc four-terminal method. Four copper leads
(50µmφ) were attached with silver paste (Du Pont 4922).
The measuring current was typically ±15mA supplied by
a constant current source. Since the x = 1 sample was
much smaller than the other ones, we measured its re-
sistivity using the Van der Pauw technique in which one
places the contacts on the corners and rotates the cur-
rent and voltage configuration. The data were collected
on both heating and cooling cycles.
dc-susceptibility measurements were performed using a
commercial rf-SQUID magnetometer (Quantum Design,
MPMS-II) without particular attention to the alignment
of the crystal axes. The measuring field was calibrated
up to 5Tesla with a Pd standard.
Specific heat data were obtained on polycrystalline
samples24 between ∼ 0.5 and ∼ 20K using a semi-adia-
batic heat-pulse method.25
III. RESULTS AND DISCUSSION
A. Lattice constants
The XRD patterns of Ca1−xSrxVO3 for varying Sr
content are displayed in Fig. 1 and the deduced lat-
tice parameters are shown in Fig. 2. The lattice pa-
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FIG. 1. X-ray powder diffraction patterns of single-crystalline
Ca1−xSrxVO3 at room temperature. x = 0.3 and x = 0.4
samples are poly crystals.
rameters change systematically from the orthorhombic
CaVO3 to SrVO3 which is simple-cubic within the er-
ror bar (∼ ±0.2%). According to the four-axes XRD
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FIG. 2. The lattice parameters a, b, and c of Ca1−xSrxVO3
at room temperature, estimated from the XRD patterns. The
data are plotted against Sr content x. Note that each deduced
lattice parameter contains around ±0.2% error. Thus it is not
appropriate to discuss the exact crystal symmetry based only
on this plot.
measurement,26 the lattice constants of CaVO3 are a =
0.53185(8)nm, b = 0.7543(2)nm, and c = 0.53433(8)nm.
The V-O-V bond-angle is 154.(3)◦ for V ions on the ac-
plane (V-O bond length is 0.1891(6)nm) and 171.(0)◦
for V ions along the b-axis (V-O bond lengths are
0.190(0)nm and 0.196(5)nm).26 This large buckling of
the V-O-V bond angle (∼ 160◦ in average) is considered
to make the one-electron 3d band-widthW of this system
smaller than that of SrVO3, where the V-O-V bond angle
is almost exactly 180◦.
B. Magnetization
Figure 3 shows the temperature-dependence of
the magnetic susceptibilities χ of Ca1−xSrxVO3 at
5Tesla≡ 50000Oe. Since none of the samples showed
any significant hysteresis between the heating and cool-
ing cycles, we have plotted data for the heating process
only.
The field-dependence of the magnetizationM of SrVO3
is plotted in Fig. 4. We measured M up to 5Tesla while
increasing and decreasing the applied field H at both 5K
and 300K. At 300K, the magnetization curve shows no
hysteresis and M depends linearly on H . This means
that only paramagnetic moments contribute to the total
magnetization. When we decrease the temperature to
5K, the magnetization curves become hysteretic and also
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FIG. 3. Magnetic susceptibilities χ of single-crystalline
Ca1−xSrxVO3 for x = 0.00, 0.25, 0.50, 0.80, and1.00 measured
at 5Tesla≡50000 Oe plotted against temperature T . Samples
were cooled to 4K with no applied field and then warmed up
to 300K in 5Tesla. No significant hysteresis was observed
during the heating and cooling cycles.
show a slight upturn.
Here we note that in perovskite-type oxides with the
formula ABO3, oxygen and A/B stoichiometries are fairly
unstable. The off-stoichiometry is not accidental but
characteristic of these compounds. Even though one
tries to obtain sufficiently stoichiometric compounds in
ABO3 materials within experimental requirements, the
off-stoichiometry is still present intrinsically and such in-
evitable defects are called “native-defects” to indicate
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FIG. 4. Magnetization M of SrVO3 plotted against the ap-
plied field H . The data were collected while increasing and
decreasing the applied field between 0 to 5Tesla at both 5K
and 300K.
that their properties are reproducible.27 We have so
far reported the effects of the (unavoidable) oxygen off-
stoichiometry in CaVO3 by intentionally introducing the
oxygen defects in varying degrees.23,28,29 In this study,
although we tried to prepare oxygen-stoichiometric sam-
ples using a delicate annealing procedure, there still exists
a very small but irreducible amount of inevitable oxygen
defects.
Local moments due to these oxygen defects contribute
to M as a spontaneous magnetization or in this case a
sublattice magnetization, because the Weiss temperature
is negative. The value of M is very small compared with
that observed in CaVO2.8
29 and is consistent with the
number of local moments deduced from the Curie con-
stants (vide infra).
All the magnetic susceptibility data χ are well repro-
duced by the following formula:
χP + χdia + χcore + χorb +
C
T − ϑ + αT
2 , (1)
where χP is the Pauli paramagnetic term, χdia is the
Landau diamagnetization, χcore comes from the diamag-
netic contribution of the core-levels, and χorb is due to
the orbital Van Vleck paramagnetization. The Curie-
Weiss term is attributed to impurities such as the native
oxygen defects. The last term is considered to originate
from the higher-order temperature-dependent term in the
Pauli paramagnetism, that is neglected in the zeroth or-
der approximation, and reflects the shape of the density
of states (DOS) D(ω)Ryd−1/ formula-unit at the Fermi
energy EF .
The first two terms are re-written using the effective
mass m∗ and the bare band mass mb of the system [we
employ mb deduced from the band calculation using a
local density approximation (LDA),30 rather than mb of
the non-interacting Bloch electrons]:
χspin = χP + χdia
=
(
m∗
mb
− mb
3m∗
)
χLDAP , (2)
where χLDAP stands for the Pauli paramagnetic term de-
duced from the LDA band calculation:
χLDAP [emu/mol≡erg Oe−2mol−1]
= Nµ2BD(EF )
= 2.376× 10−6 ×D(EF ) ,
where N mol−1 is the number of itinerant electrons per
one mole of unit formula and µB = 9.274 × 10−21 erg
Oe−1.31
For the third term χcore, we have used the values given
in the literature,32 as summarized in Table I. For the
fourth term, we used an x-independent value 33 of χorb =
6.5 × 10−5 emu/mol estimated in another 3d1 metallic
vanadate system VO2.
34 Hence, we can fit Eq. 1 to the
observed data.
The obtained values of the Curie-Weiss term C are
as small as 0.5∼ 2.2 × 10−3 emu K/mol, and the Weiss
5
TABLE I. Core diamagnetism of the constituent ions in
Ca1−xSrxVO3.
32
ion χdia emu/mol
Ca2+ −13.3× 10−6
Sr2+ −28.0× 10−6
V5+ −7.7× 10−6
O2− −12.6× 10−6
temperatures θ = −6.0 ∼ 1.6K, indicating very weak
antiferromagnetic interaction among the local moments.
These small values of the Curie-Weiss term are consid-
ered to be due to the V3+ (S = 1) local impurity mo-
ment arising from the “native oxygen defects”. From the
value of C = 2.2186 × 10−3 emu K/mol for CaVO3, we
can evaluate that only 0.22% of the V sites have the
S = 1 local moment; this amount of local impurities
is inevitable in ABO3 materials, but irrelevant for our
discussion of the metallic properties, such as the value
of the effective mass. The obtained values of the coef-
ficient α of the last term in Eq. 1 are also very small
(0.5 ∼ 2.5 × 10−10 emu K−2mol−1), implying that the
deviation from a temperature-independent Pauli param-
agnetism is negligible in the temperature range we mea-
sured. Only when we need to estimate the value of m∗
from χP much more accurately will it be necessary to
perform the measurement up to higher temperatures.
The obtained ratio of the effective massm∗ to the LDA
band mass mb, is summarized in Table II and also dis-
played in Fig. 5. The value of m∗/mb is almost equal to
3.1 though increases gradually and systematically as we
decrease the Sr content x.
As already described, the large buckling of the V-O-V
bond angle in going from SrVO3 to CaVO3 (in CaVO3
6 V-O-V∼ 160◦, which is almost equal to the insulating
3d1 system LaTiO3) can lead this system closer to the
boundary of the MI transition. Actually, a significant
spectral weight redistribution, which is a manifestation
of a strong electron correlation, has been observed al-
4.0
3.0
2.0
m
*
 /m
b
1.00.50
Sr content x
FIG. 5. Effective massm∗ compared with the LDA band mass
mb plotted against Sr content x. m
∗/mb increases systemat-
ically in going from SrVO3 to CaVO3. The values are not as
large as expected.
TABLE II. The effective mass deduced from the fit to the
magnetic susceptibility data with Eq. 1 and Eq. 2, where
χcore and χorb are fixed to the values in the literature.
32,34
χLDAP are calculated from D(EF ) obtained by the LDA band
calculation30,31
x χspin (emu/mol) χ
LDA
P (emu/mol) m
∗/mb
0.00 2.008× 10−4 6.651× 10−5 3.126
0.20 1.905× 10−4 6.454× 10−5 3.060
0.25 1.904× 10−4 6.405× 10−5 3.081
0.50 1.788× 10−4 6.159× 10−5 3.013
0.70 1.678× 10−4 5.963× 10−5 2.928
0.80 1.678× 10−4 5.865× 10−5 2.973
1.00 1.606× 10−4 5.668× 10−5 2.946
ready in this system.19–22 Nevertheless, no significant
amount of mass-enhancement can be deduced from this
magnetic measurement. This surprising result motivates
us to reconsider whether this system may indeed be a cor-
related metallic system. However, as well as the reported
spectral weight redistribution, the measurement of the
electronic specific heat and electric resistivity described
below give us further evidence of strong correlations in
this system.
C. Electronic specific heat coefficient
An alternative method to evaluate m∗ is to measure
the electronic contribution to the specific heat, γT , which
reflects DOS at EF . γ is called the electronic specific
heat coefficient. Using D(EF )Ryd
−1/formula-unit ob-
tained by the LDA band calculation,31 we can deduce
the value of electronic specific heat coefficient in the non-
interacting limit γLDA:
γLDA =
π2
3
k2BND(EF ) ,
where N is the number of itinerant electrons per mole in
the unit formula. Then,
γLDA [mJ mol−1 K−2] = 0.173238×D(EF ) .
The ratio of the effective mass to the band mass (m∗/mb)
is deduced from the ratio of the observed γ to the calcu-
lated γLDA.
Sufficiently below the Debye temperature Θ, the con-
stant volume specific heat Cv/T can be plotted against
T 2, i.e.,
Cv/T = γ + βT
2 (3)
in order to separate out the contribution of the ionic de-
grees of freedom (βT 3) dominant at high temperatures.
The coefficient β is related to Θ as follows:
β =
9NkB
Θ3
∫ Θ/T
0
ezz4dz
(ez − 1)2
≃ 12π
4NkB
5Θ3
(T ≪ Θ) .
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Here we note that experiments measure the specific
heat at constant pressure, Cp, but we normally compare
this result to Cv, since these two are almost identical in
a solid.
The measured constant pressure specific heats Cp of
Ca1−xSrxVO3 below ∼ 15K are shown in Fig. 6. In the
0.4
0.3
0.2
0.1
0
C  
p 
 
/ T
   
 ( 
10
2  
m
J /
 m
ol
 K
2 )
2.01.00
T  2  ( 102 K2 )
 x=0.80 
 x=0.40
 x=0.00
FIG. 6. Specific heat of poly-crystalline Ca1−xSrxVO3 divided
by T plotted against T 2.
temperature range displayed in Fig. 6, it is clear that the
data do not behave simply as Eq. 3. Thus, we have tried
to fit the data to Eq. 3 below T 2 < 2×102K2(T <∼14K),
where the identity seems more applicable.35 All the re-
sults of the least-square fits are summarized in Table III.
We find that the value of γ, even in CaVO3 (x = 0), is still
not so enhanced as we discuss below (m∗/mb ≃ 2), al-
though these values are comparable to the La1−xSrxTiO3
system in the La rich phase except for x < 0.05. (The
γ values in the Ca1−xSrxVO3 system are much larger
than that of the less correlated sodium metal ∼ 1mJ
mol−1K−2.) The obtained Debye temperatures Θ are
comparable to Θ ∼ 300K deduced from the tempera-
ture of the phonon-drag peak of the Seebeck coefficient
of CaVO3,
36 substantiating the result of our least-square
fit to the specific heat data.
The effective masses compared to the band masses
m∗/mb are defined as the ratios of the observed γ to the
γLDA. We plot the values of m∗/mb against x with those
deduced from the magnetic susceptibilities for compari-
son (Fig. 7).
From Fig. 7, we can also estimate the Sommerfeld-
Wilson’s ratio RW :
37
RW ≡ γ
LDA
χLDAP
χP
γ
=
(
m∗
mb
)
χ(
m∗
mb
)
γ
It is worthwhile emphasizing that RW is of order unity,
implying that the electronic specific heat coefficient γ is
similarly enhanced to the Pauli paramagnetic suscepti-
bility χP . Furthermore, this means it is appropriate to
assume a one-to-one correspondence between the quasi-
particle excitations of this system and those of a free-
electron gas.
For a non-interacting Bloch-electron system, RW = 1.
One of the possible reasons for RW 6= 1 is a ferromagnetic
fluctuation, which enters in χP as χP /χ
o
P = (m
∗/mo)S,
where S = (1 + F ao )
−1 is called the Stoner enhancement
factor including the 0-th asymmetric Landau parameter
F ao . (For an isotropic free-electron system, RW becomes
unity, because F ao = 0.) In exchange-enhanced metals,
i.e., a system with ferromagnetic fluctuations, S plays
an important role and RW becomes fairly large. How-
ever, this is not the case for the Ca1−xSrxVO3 system,
since we have not observed any traces of ferromagnetic
fluctuations.
The value of RW for Ca1−xSrxVO3 deduced from our
experiments is 1.7 ∼ 2, as illustrated in Fig. 7, where the
half values of m∗/mb deduced from the magnetic mea-
surements are plotted for comparison. In strongly corre-
lated electron systems, it has been argued that the value
of RW becomes equal to 2 at U/W = ∞.37,38 Although
there is a small deviation, RW ≈ 2 clearly indicates the
importance of electron correlations in this system.
The deviation from RW = 2 can be ascribed to the
contribution of the electron-phonon interaction. It is
known that this interaction contributes a factor (1 + λ)
to γ, but not to χP . Hence, RW is modified to be-
come RW (1 + λ)
−1. From Fig. 7, we can approximately
estimate λ <∼ 0.3, so that the electron-phonon inter-
action in this system is fairly small. Furthermore, it
should be noted that, for the higher orbital degeneracies,
4.0
3.0
2.0
1.0
0.0
m
*
 
/m
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1.00.50
Sr Contents x
Ca1-xSrxVO3
 "χ "
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 "χ " × 0.5 
FIG. 7. Ratio of the effective mass and band mass obtained
by comparing the observed γ with the calculated γLDA (filled
squares, denoted by “γ”). “χ” stands for the effective mass
deduced from χP (filled circles, denoted by “χ”) and the half
values of “χ” (open circles) also plotted for comparison.
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TABLE III. Fitted parameters for the specific heat and deduced effective mass m∗ of Ca1−xSrxVO3. γ
LDA has been calculated
from D(EF ) obtained by the LDA band calculation.
30,31 m∗/mb is defined as the ratio between γ and γ
LDA.
x Θ (K) γ (mJ mol−1K−2) γLDA (mJ mol−1K−2) m∗/mb
0.00 368.0 9.248 4.849 1.907
0.20 348.3 7.554 4.706 1.605
0.40 320.6 7.123 4.563 1.561
0.80 300.0 8.239 4.276 1.927
1.00 322.4 8.182 4.133 1.980
RW decreases towards unity in the limit of large orbital
degeneracy.39 Since the degeneracies of the t2g orbitals
of the vanadium 3d electrons are not completely released
in this Ca1−xSrxVO3 system, RW is not necessary to be
equal to 2. However, there are experimental errorbars for
the estimation of γ values, the above argument needs to
be further investigated.
Thus, we can conclude that ∼ 1.7 < RW < ∼ 2 im-
plies that electron correlations are strong in this system.
Then, the question arises why is the enhancement of the
effective mass so moderate, despite the presence of such
large electron correlations?
The effective mass of a quasi-particle at the Fermi en-
ergy EF is defined in general as;
m∗ =
(
1
h¯2~k
dεk
d~k
∣∣∣∣
~k=~kF
)−1
, (4)
where εk is quasi-particle energy that is given as a solu-
tion ω = εk of the equation
ω = εok +ReΣ(
~k, ω) , (5)
where Σ(~k, ω) is the self-energy of the system in which all
of the interaction effects are contained. εok corresponds
to the energy of a non-interacting Bloch electron. How-
ever, in this study, we regard εok as the energy disper-
sion of a single-electron band obtained by the LDA band-
calculation. Thereby, εok gives a band mass mb:
mb =
(
1
h¯2~k
dεok
d~k
∣∣∣∣
~k=~kF
)−1
. (6)
As is apparent from these definitions (Eqs. 4 and 6), m∗
and mb are given as tensors, but we assume here that the
Fermi surface is isotropic and therefore m∗ is nothing but
a scalar quantity. Using Eqs. 4, 5 and 6, we deduce that
the effective mass is given by the following expression:
m∗
mb
=
∣∣∣∣ dεokd~k
∣∣∣
~k=~kF
∣∣∣∣∣∣∣∣ dεkd~k
∣∣∣
~k=~kF
∣∣∣∣
=
(
1− ∂ReΣ(
~k, ω)
∂ω
∣∣∣∣∣
ω=EF
)
×
∣∣∣∣ dεokd~k
∣∣∣
~k=~kF
∣∣∣∣∣∣∣∣ dεokd~k
∣∣∣
~k=~kF
+ ∂ReΣ(
~k,ω)
∂~k
∣∣∣
~k=~kF
∣∣∣∣
≡ mω
mb
× mk
mb
,
wheremω is called “ω-mass” andmk is called “k-mass”.
40
If we consider only the on-site Coulomb interaction as
the origin of the electron correlation and average out the
fluctuation of the neighboring sites as in the limit of large
lattice connectivity,41 the self-energy depends only on the
quasi-particle energy ω, i.e., Σ(~k, ω) ≡ Σ(ω). Then, the
effective mass becomes (since mk/mb = 1):
m∗
mb
=
(
1− ∂ReΣ(ω)
∂ω
∣∣∣∣
ω=EF
)
≡ Z−1 ,
where Z is the quasi-particle weight. Therefore, a critical
enhancement of the effective mass due to strong electron
correlations (Z → 0) is inevitable at the MIT point.
However, in general, since the electron correlation is
not necessarily confined to each atomic site, we may
need to take into account the effect of the non-local
Coulomb interaction, i.e., the self-energy should have a
momentum-dependence.42 Especially in the dynamical
mean-field approach to the Mott transition,41 the non-
locality of the exchange interaction is not treated; there-
fore, we should introduce Σ(~kF, EF ), which is consider-
ably different from zero.20 The screening of the Coulomb
potential can reduce Σ(~kF, EF ), because in well-screened
systems such as conventional metals, the Coulomb po-
tential is no longer long-range and the non-locality of the
exchange interaction is small. However, in most of the
perovskite-type TM oxides, the carrier density is fairly
small, and this effect will be more significant in the vicin-
ity of the MIT point.
We must assume therefore that, near the MIT point,
the ω-mass increases significantly reflecting Z → 0; on
the other hand, due to poor-screening, the contribution
of the momentum-dependent self-energy becomes signifi-
cant, resulting in a decrease of the k-mass. Thus, the crit-
ical enhancement of the effective mass, which is a prod-
uct of the ω-mass and the k-mass, can be suppressed in
some conditions.19 This is not only a plausible idea of
explaining the behavior of the effective mass but also a
model which provides a desirable picture of the reduc-
tion of the spectral intensity at the Fermi energy ob-
served in the photoemission and inverse-photoemission
spectroscopies.19,20,43
In summary, in order to obtain a comprehensive under-
standing of the metallic state near the Mott transition,
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we should note that the momentum-dependence of the
self-energy plays an important role in this region.
D. Electric resistivity
The electric resistivities collected on both heating and
cooling cycles between 350K and 4K show no difference
within the experimental accuracy. In some cases, the re-
sistivity shows clear dependence on the crystallographic
alignments of the experiment; i.e., when the measuring
current flows parallel to the [100]-axis of the pseudocu-
bic perovskite, the resistivity is different from that when
the current flows along the [110]-axis. This anisotropy,
however, is not temperature-dependent. Whenever we
observe such anisotropy, we normalize each data set to
the residual resistivity ρo, and the resulting curves fit
each other completely.
The scaling factor c ≡ ρ[110](T )/ρ[100](T ), varies from
∼ 1.1 to ∼ 1.5. However there seems to be neither a
systematic relation between c and the Sr content x, nor
consistency among the different sets of the measurements
for the samples with the same value of x.
Thus, we consider that the observed anisotropy is not
due to any particular feature of the electronic struc-
ture of the system. Similar behavior has been reported
in the resistivity of the single crystal CoSi2 with cu-
bic C1 structure,44 and also high-purity cubic Al single
crystal.45 In the former material, it was pointed out that
the anisotropy can be attributed to an extrinsic origin,
e.g., point defects and/or dislocations that appeared dur-
ing crystal growth, though no trace of such defects has
yet been observed.44 It has been argued that, in the case
of the Al single crystal, a model calculation for 〈211〉
dislocations predicts an anisotropy of electrical resistiv-
ity compatible with experiment.46 Therefore, we sug-
gest that the anisotropy in our resistivity measurements
may also be caused by the presence of a small amount
of defects and/or dislocations.47 Despite this undesir-
able artifact, if we make the size of the rectangular par-
allelepiped as small as 2 × 0.5 × 0.3mm3, the absolute
values of the electric resistivity data can be reproduced
within the ±15% error bar (the temperature dependence
is completely reproducible as mentioned above) irrespec-
tive of the direction of the measuring current. With all
these considerations, the data were collected as shown in
Fig. 8.
At first sight, all the data seem to be well expressed by
the relation ρ = ρo +AT
2 for the measured temperature
range. However, when we try to fit the observed resistiv-
ity using this expression, we cannot fit the data over the
entire temperature range from 4K to 350K using a single
value of the coefficient A. Therefore we assume that the
resistivity is expressed by ρo + AT
2 plus an additional
term.
Firstly, we consider here that the AT 2 term is
due to electron-phonon scattering. It has been sug-
gested, especially in strongly-coupled superconductors,
that the AT 2 term is due to the breakdown of the
momentum-conservation law in the electron-phonon scat-
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FIG. 8. Electric resistivities of the Ca1−xSrxVO3 single crys-
tals for x = 0.00, 0.25, 0.50, 0.70, 1.00. For each data set, the
minimum resistivity at ∼4K has been subtracted as the resid-
ual resistivity ρo.
tering process.48 Here the coefficient A is shown to be
related to both the residual resistivity ρo and the Debye
temperature Θ:
A = α× ρo
Θ2
(7)
with α varying from ∼ 0.01 to ∼ 0.1. However, the A
values in the Ca1−xSrxVO3 system, which are roughly
estimated as ∼1× 10−9Ωcm/K2, are three orders larger
than
α× ρo
Θ2
= α× ∼1× 10
−5 (Ωcm)
(∼5× 102)2 (K2)
= ∼4× 10−12 (Ωcm/K2) ,
even if we assume the largest value of α ∼ 0.1. (Here
we used the Debye temperature estimated from the spe-
cific heat measurement.) Furthermore, Gurvitch has dis-
cussed that a strong electron-phonon interaction is insuf-
ficient for the T 2 law; the simultaneous presence of strong
coupling and disorder is also necessary.49 He has also
pointed out that, in some cases, Eq. 7 is not applicable;
i.e., there is an empirical condition for the appearance of
the T 2 law:
(λ− 0.7)× ρo > ∼13 (µΩcm) ,
where λ is the electron-phonon coupling constant. In the
Ca1−xSrxVO3 system, however, λ is at largest ∼ 0.3 as
discussed in Sec. III C, and ρo is ∼1× 10−5Ωcm. Hence,
the last formula is not satisfied. (In the first place, even
the value of λ is smaller than 0.7.) Following these argu-
ments, it appears unlikely that the T 2-dependent resis-
tivity in Ca1−xSrxVO3 arises from electron phonon scat-
tering. However, this kind of contribution to the T 2 term
9
is not completely neglected and will be discussed again
below.
An alternative and more likely origin of the T 2 term is
electron-electron scattering in the presence of the umk-
lapp process. Let us consider here the resistivity as mod-
eled by a three-component expression of the form:
ρ = ρo + ρe-e(T ) + ρe-ph(T )
where ρo is a temperature-independent background con-
tribution due to static disorder, ρe-e(T ) ≡ AT 2 is the
electron-electron scattering. By the line-shape analy-
sis such as is shown in Fig. 9, we found that the third
term ρe-ph(T ) is well represented by the classical Bloch-
Gru¨neisen formula for electron-phonon scattering with
n = 5, developed for an isotropic Fermi surface and a
simple phonon spectrum:
ρ = ρo +AT
2 +
4κT n
Θ6
∫ Θ/T
0
ezzndz
(ez − 1)2 (n = 5) (8)
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FIG. 9. Electric resistivity of Ca0.5Sr0.5VO3 against tempera-
ture T (dots). The solid line represents Eq. 8, while the broken
line represents Eq. 8 without the Bloch-Gru¨neisen term.
We have done a least-square fit to all the data using
Eq. 8 and the obtained parameters are summarized in
Table IV and also in Fig. 10. If we accept ∼±15% error
bar, we can conclude that each of the fitted parameters
shows systematic behavior as a function of Sr content x.
ρo shows a maximum at x = 0.5. This reflects that the
system has the maximum amount of randomness at that
composition.
We note that our effective transport Debye tempera-
ture Θ ∼ 700K does not sound physical. However it is
not necessary for the transport Θ to be equal to the ther-
modynamic value Θ ∼ 350K obtained from the specific
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FIG. 10. Fitted parameters for the electric resistivity: A,
ρo, κ and Θ in Eq. 8, plotted against Sr content x. The
A values deduced from the Pauli paramagnetic susceptibility
under the assumption of RW = 2 and the Kadowaki-Woods
ratio is 1.0 × 10−5 µΩcmmol2 K2 (mJ)−2 are also plotted for
comparison (top).
heat measurements. This is because the transport De-
bye temperature involves only the acoustic modes that
interact with the electrons, whereas the thermodynamic
Debye temperature considers all types of phonons.50
The values of κ and Θ show a minimum at x = 0.5, in-
dicating that the lattice becomes softest at this composi-
tion. The electron-phonon coupling constant λ is related
to both κ and Θ as follows:
λ ∝ ω
2
p
Θ2
κ ,
where ωp is the plasma frequency of the conduction elec-
trons. Makino et al. reports in the following paper22 that
the variation of ωp in going from SrVO3 to CaVO3 is sys-
tematic but very small, and the variation of λ inferred
from the Sommerfeld-Wilson’s ratio RW is also small.
Thus we can roughly estimate that κ ∼ Θ2. This is con-
sistent with the behaviors shown in Fig. 10.
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TABLE IV. Fitted parameters for the electric resistivity of Ca1−xSrxVO3 with Eq. 8.
x ρo (Ωcm) A ((Ωcm/K
2) κ (Ωcm K) Θ (K)
0.00 8.668× 10−6 5.911× 10−10 0.114 793.5
0.25 1.319× 10−5 9.118× 10−10 9.476× 10−2 722.2
0.50 1.827× 10−5 7.900× 10−10 7.441× 10−2 647.3
0.70 8.656× 10−6 6.796× 10−10 8.073× 10−2 811.5
1.00 6.205× 10−6 4.208× 10−10 0.121 866.3
It is surprising that the contribution of the electron-
electron scattering, which is in general dominant at very
low temperature, is significantly large even at room tem-
perature. In Ca0.5Sr0.5VO3,
ρe-e(300K) : ρe-ph(300K) ∼ 2 : 1 .
This is further evidence that the electron correlations
are significantly large in this system. The coefficient
A should, then, reflect the enhancement of the effective
mass of the quasi-particles due to this electron correla-
tion. The resistivity due to electron-electron (i.e., quasi-
particle− quasi-particle) scattering can be crudely but
quantitatively expressed as follows:
ρe-e(T ) =
mb
ne2τ
=
m∗vF
e2n2/3
(
kBT
EF
)2
=
4k2B m
∗ 2
h¯3e2n2/3k3F
T 2
≡ AT 2 ,
where vF = h¯kF /m
∗, EF = h¯
2k2F /(2m
∗), and we
have assumed the scattering time τ is equal to the life
time of the thermally activated quasiparticle τ−1 =
vFn
1/3E−1F Z
−1ImΣ ≃ vFn1/3(m∗/mb)(kBT/EF )2.51
Hence, the coefficient A is proportional to the quadratic
of the effective mass m∗. The obtained value of A in-
creases systematically in going from x = 1 to x = 0.25;
this may correspond to the increase ofm∗. However there
seems to be a rapid decrease between x = 0.25 and x = 0
which is not consistent with the behavior of m∗. This is
not obviously explained by the considerably large error
arising from the quality of the sample (∼±15%).
In Fig.10 (top), we also plot the value of A deduced
from the Pauli paramagnetic susceptibility χP under
a few reasonable assumptions: we use a Sommerfeld-
Wilson’s ratio RW = 2 to estimate the electronic spe-
cific heat γ from χP , since RW is almost equal to 2 in
this system. The obtained γ corresponds to the elec-
tronic specific heat which is not affected by the electron-
phonon interaction. Then we use the Kadowaki-Woods
ratio A/γ2, which is a measure of the electron corre-
lation, of the same value as that of the heavy fermion
systems,52 i.e. A/γ2 = 1.0×10−5 µΩcmmol2K2 (mJ)−2,
and deduced the value of A. The resulting A values are
compared to the experimentally observed values (Fig. 10,
top).
Since the above assumptions for the Sommerfeld-
Wilson’s ratio and the Kadowaki-Woods ratio in this
system seem to be fairly appropriate, we can safely say
that the AT 2 term in the resistivity of the end mem-
bers CaVO3 (x = 0) and SrVO3 (x = 1) is attributed to
only the electron-electron scattering. For the other solid-
solutions (0 < x < 1), there must be other contributions
to the AT 2 term. The most probable candidate of this
additional contribution of the T 2 term is the interference
between the elastic electron scattering and the electron-
phonon scattering, which has been recently investigated
by Ptitsina et al.53 This effect must be proportional to
the residual resistivity, and our data seems to support
the scenario.
On the other hand, however, we know that the
Kadowaki-Woods ratio is not necessarily equal to the
above value. Then, there are several other reasons to
be considered for the observed x-dependence of A. We
must consider a possible contribution from the mod-
ification of the Fermi surface. Since A is not only
proportional to m∗ 2 but also to kF
−3, a variation of
the shape of the Fermi surface due to the orthorhom-
bic distortion may lead to changes in A. In pass-
ing, as we apply pressure to CaVO3, the value of A
tends to decrease,36,54 though it has not yet been deter-
mined how the lattice constants change under pressure.
We should also remark that samples around x = 0.25
have a tendency to show the smallest spectral weight
at the Fermi energy as observed in the recent stud-
ies of the photoemission spectroscopy55 and the inverse
photoemission spectroscopy of the Ca1−xSrxVO3 single
crystals.56 This might be related to the hybridization
between the V 3d t2g orbitals and the O 2p σ orbitals.
Okimoto et al. calculated a distortion-induced admix-
ture between those orbitals,57 and Lombardo et al. dis-
cussed a possible scenario involving spectral weight trans-
fer in the Ca1−xSrxVO3 system due to charge transfer.
58
This distortion-induced charge transfer may explain the
strange revival of the quasi-particle weight in the region
close to CaVO3, and this hybridization may also explain
the x-dependence of the value of A, although this should
be consistent with the monotonic increase of the effective
mass toward CaVO3 as estimated from the Pauli para-
magnetism. Finally, the contribution of the momentum-
dependence of the self-energy, which becomes significant
in the region closer to CaVO3,
19,20 is also an intriguing
candidate to explain the behavior of A. Apparently, with
a large momentum-dependence of the self-energy, it is no
longer necessary that A is proportional to m∗ 2. These
11
issues will be clarified by further investigations.
IV. SUMMARY AND CONCLUDING REMARKS
We have succeeded to prepare single crystals of the
metallic alloy system Ca1−xSrxVO3 for the first time,
as far as we are aware. The system has nominally one
3d electron per vanadium ion; as we substitute a Ca2+
ion for a Sr2+ ion, the band width W decreases due to
the buckling of the V-O-V bond angle from ∼ 180◦ for
SrVO3 to ∼ 160◦ for CaVO3, which is almost equal to
the analogous 3d1 insulator LaTiO3. Thereby, it is rea-
sonable to consider that CaVO3 is close to the bound-
ary of MIT. The Sommerfeld-Wilson’s ratio RW ≃ 2,
the Kadowaki-Woods ratio A/γ2 lies in the same region
as the heavy Fermion compounds, and there is a large
contribution from electron-electron scattering to the re-
sistivity even at room temperature. These features are
considered to provide strong evidence of the large elec-
tron correlations in this system. However, the effective
masses obtained by the thermodynamic (γ) and magnetic
(χP ) measurements show only a moderate increase in go-
ing from SrVO3 to CaVO3, instead of the diverging be-
haviors expected from the Brinkmann-Rice picture.
The elaborate band-width control in Ca1−xSrxVO3 has
elucidated that the mass-enhancement due to the reduc-
tion of the band width is not so large, even though the
system shows some fingerprints of a large electron cor-
relation. Accordingly, we suggest that these seemingly
contradicting metallic properties observed in this system
can be explained by considering the effect of non-local
electron correlations, i.e., the momentum-dependent self-
energy.
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